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a b s t r a c t

This paper proposes the possibility of spatially resolved MRI measurements undertaken inside metallic
cells. MRI has been rarely usable inside conducting vessels due to the eddy currents in the walls caused
by switching magnetic field gradients, which render most advanced MRI pulse sequences impossible. We
propose magnetic field gradient waveform monitoring (MFGM) for MRI of samples inside metallic cells.
In this work the MFGM method was extended to measure the B0 field temporal evolution associated with
gradient waveforms. MFGM was used to observe and correct eddy current effects associated with a
metallic cell. High quality centric scan SPRITE images result from such corrections.

MRI of samples held under pressure, most notably rock core samples, traditionally employs cells that
are non-magnetic and fabricated from polymeric materials. The natural material for high-pressure MRI is
however non-ferromagnetic metal given their high tensile strengths and high thermal conductivity. MRI
measurement of macroscopic samples at high pressure would be generally possible if metallic pressure
vessels could be employed. This study will form the basis of new MRI compatible metallic pressure ves-
sels, which will permit MRI of macroscopic systems at high pressure.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

This paper proposes the possibility of spatially resolved MRI mea-
surements undertaken inside large scale metallic cells. MRI has been
rarely usable inside conducting vessels due to the eddy currents in
the walls caused by switching magnetic field gradients, which ren-
der most advanced MRI pulse sequences impossible. We propose
magnetic field gradient waveform monitoring (MFGM) for MRI of
samples inside metallic cells. In this work the MFGM method was
extended to measure the B0 field temporal evolution associated with
gradient waveforms. MFGM was used to observe and correct eddy
current effects associated with a metallic cell. High quality centric
scan SPRITE images result from such corrections. This study will
form the basis of new MRI compatible metallic pressure vessels,
which will permit MRI of macroscopic systems at high pressure.

Since proposed in the early 1950s [1], high pressure NMR spec-
troscopy has been applied to a wide spectrum of problems in
chemistry [2,3], bioscience [4], and material science [5]. However
high-pressure MRI has been rare due to a low signal-to-noise ratio
which results from a low filling factor and the restricted volume of
commonly employed high-pressure cells [2–4]. MRI experiments
ll rights reserved.
[5–8] using traditional high-pressure cells [2,3], are hindered by
this problem, and inefficient temperature control [2,3,9].

Conventional high-pressure measurements in most scientific
fields rely on metal vessels given the superior tensile strengths of
metals. MRI measurement of macroscopic samples at high pressure
would be generally possible if metallic pressure vessels could be
employed. The high thermal conductivity of metals also makes
them a natural choice for MRI compatible cells.

The critical problem with MRI compatible metallic cells is large
scale, gradient induced eddy currents in metal, which will alter the
desired magnetic field gradient waveform across the sample. As a
consequence most MRI measurements will be rendered impossible
or very difficult, especially advanced MRI pulse sequences which
rely on large amplitude and fast slew-rate gradients.

Compared to clinical MRI, order of magnitude higher gradient
strengths (up to 1000 mT/m) and up to two orders of magnitude
greater net temporal gradient areas (up to several thousands
ms mT/m), are often employed for non-medical MRI applications
[10,11]. In material science MRI, gradient waveforms may range
in duration from hundreds of milliseconds to several seconds.
While a number of gradient/eddy current characterization meth-
ods exist in the literature [12–15], most are restricted to clinical
use and are not suitable for this study due to the signal loss caused
by large gradient dephasing and T�2 decay [16].

http://dx.doi.org/10.1016/j.jmr.2010.06.012
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These requirements can be well met by our recently proposed
magnetic field gradient waveform monitor (MFGM) method [16].
The MFGM method uses a small RF probe (<1 cm with RF shielding)
to temporally and/or spatially map the gradient behavior inside a
limited sample space. The continuous RF pulsing of MFGM allows
infinitely long duration waveforms to be measured with no limita-
tion on sample T�2 decay. MFGM avoids gradient dephasing by
decomposing the large gradient area of a gradient waveform into
small separate gradient areas with a short phase encoding time
tp. Large net gradient area and high gradient strengths can there-
fore be readily measured.

In this work the MFGM method was extended to measure the B0

field temporal evolution associated with gradient waveforms. Im-
proved MFGM was used to observe and correct the eddy current ef-
fects with a mock metallic cell. Quantitative centric scan SPRITE
imaging including 1D DHK SPRITE [17] and 2D Spiral SPRITE
[18,19], was successfully achieved with appropriate eddy current
corrections. Linear eddy currents [25] are accounted for in the im-
age reconstruction with monitored gradient waveforms. Linear
eddy currents generate an additional linear magnetic field gradient
that is superimposed upon the original magnetic field gradient
produced by the gradient coil [25]. The B0 field temporal evolution
due to B0 eddy currents was fixed in k-space, using a point-by-
point phase correction algorithm.

1D quantitative imaging of fluid density is highly desirable in a
wide variety of porous media measurements [20]. As a robust
quantitative imaging technique, DHK SPRITE has been applied in
the study of problems in food science [21], chemistry [22], and
material science [23]. Centric scan SPRITE is recognized as the most
efficient quantitative MR imaging technique in material science
[18,19]. Compared with single point imaging (SPI) [24], the SPRITE
sequence employs ramped gradient waveforms that permit image
acquisition at a greater speed and minimizes gradient vibration
due to impulsive Lorentz forces. Centric scan SPRITE is the most
commonly implemented version of the SPRITE experiment.

As shown in this paper gradient waveforms are corrupted in the
presence of large metallic structures but high quality images still
result with gradient waveform measurement and k-space gridding.
2. Theory

2.1. Gradient waveforms and B0(t) field measurements

The pure phase encode magnetic field gradient monitor
(MFGM) [16] employs a small RF probe to temporally map gradient
waveforms for MR/MRI applications. One MFGM RF probe is dis-
placed from the gradient isocenter inside the sample space to
map linear gradient eddy currents and B0(t) eddy currents.

For the MFGM RF probehead displaced to spatial location rn, the
FID single point phase at a specific time t during a gradient wave-
form is

unðtÞ ¼ u0;n þ cDB0ðtÞtp þ ctpGðtÞrn þ Oðr2
nÞ; ð1Þ

where tp is the phase encoding time (10–100 ls) between each RF
excitation and subsequent FID single point detection [16]. u0,n de-
scribes a constant phase offset. DB0(t) is the spatially-constant field
evolution. G(t) = [Gx(t), Gy (t), Gz (t)] represents the spatially-linear
field, i.e., the gradient waveforms along three axes. O(r2

n) is the spa-
tially-nonlinear higher-order field terms.

Static magnetic field spatial variation, i.e., DB(r), resulting usu-
ally from main field inhomogeneity, chemical shift, and suscepti-
bility differences, leads to a constant phase offset u0,n. u0,n is
obtained from baseline RF measurements prior to gradient wave-
form measurement. An extra scan is not required for baseline
phase measurement [16].
The dynamic field may be decomposed by Taylor series expan-
sion [25] into the spatially-constant term (zero-order, i.e., DB0(t)),
the linear field (first-order, i.e., gradient G(t)), and higher-order
non-linear field terms in Eq. (1). Since the dynamic field compo-
nents usually result from relatively distant sources outside the
sample, e.g., the cryostat, gradient coils, and surrounding conduc-
tive structures, their fields vary smoothly across the sample space
and can be well defined by relatively few spatial terms [15,26].

Most eddy current related image-quality problems can be
traced to the zero-order and the first-order field terms in Eq. (1)
[25]. For a 2D imaging application (assuming an x, y image), three
spatial locations (n = 3) of an RF probehead are required to record
DB0(t), Gx(t), and Gy(t), which will account for magnetic field
imperfections such as B0 eddy currents, linear eddy currents, and
gradient timing delays.

In order to extract, for example, DB0(t), Gx(t), and Gy(t) informa-
tion from Eq. (1) with n = 3, pre-calibration scans prior to the
waveform mapping pulse sequence are required to determine the
ratios between the spatial locations (rn) of the RF probehead, i.e.,

ex;i;j ¼ xi=xj i ¼ 1;2;3
ey;i;j ¼ yi=yj j ¼ 1;2;3

ð2Þ

The calibration measurement is similar to the waveform map-
ping measurement [16] except for application of a constant gradi-
ent. After a long delay for eddy current decay and gradient
stabilization, the phase acquired in Eq. (1) is determined by:

/nðtÞ ¼ ctpGx � xn ð3Þ

where /n(t) is the FID single point phase un(t) offset by the baseline
phase [16]. Therefore xi/xj equals /i//j with the uncertainties in both
tp and Gx cancelled out.

Pre-calibration scans permit one to measure spatial ratios ex,i,j

and ey,i,j very accurately. Unlike conventional gradient measure-
ment methods [12–15], MFGM does not require accurate probe
mounting and accurate measurement of locations (rn). The ratios
xi/xj and yi/yj can be measured with a higher accuracy than ri be-
cause the uncertainties in other factors (e.g., the gradient strength)
are cancelled out in the calculation. This avoids the phase errors
that result from inaccuracy in calibrating probe spatial locations.

DB0(t), Gx(t), and Gy(t) at any time point in the gradient wave-
form can be extracted by combining Eqs. (1) and (2). Assume that
/n(t) is the FID single point phase, with the baseline phase sub-
tracted [16], for the MFGM measurement at spatial location rn,
i.e., /n (t) = (/n (t) � /0,n). Neglecting high-order field terms O(r2

n)
and substituting Eq. (2) into Eq. (1) provide for n = 3,

/1ðtÞ ¼ cDB0ðtÞtp þ ctpGxðtÞx1 þ ctpGyðtÞy1 ð4Þ

/2ðtÞ ¼ cDB0ðtÞtp þ ctpGxðtÞx1ex21 þ ctpGyðtÞy1ey21 ð5Þ

/3ðtÞ ¼ cDB0ðtÞtp þ ctpGxðtÞx1ex31 þ ctpGyðtÞy1ey31 ð6Þ

Subtracting appropriate linear combinations of Eqs. (4)–(6)
yields DB0(t),

DB0ðtÞ ¼
ex21/1ðtÞ � /2ðtÞð Þ ex31 � ey31

� �
� ex31/1ðtÞ � /3ðtÞð Þ ex21 � ey21

� �
ctp ðex21 � 1Þðex31 � ey31Þ � ðex31 � 1Þðex21 � ey21Þ
� �

ð7Þ

Similar manipulations of Eqs. (4)–(6) yield Eqs. (8) and (9), the
expressions for magnetic field gradient x and y,

GxðtÞ ¼
1� ey31
� �

/1ðtÞ � /2ðtÞð Þ � 1� ey21
� �

/1ðtÞ � /3ðtÞð Þ
ctpx1 1� ex21ð Þ 1� ey21

� �
� ð1� ex31Þð1� ey31Þ

� � ð8Þ

GyðtÞ ¼
1� ex31ð Þ /1ðtÞ � /2ðtÞð Þ � 1� ex21ð Þ /1ðtÞ � /3ðtÞð Þ
ctpy1 ð1� ex31Þð1� ey21Þ � 1� ex21ð Þ 1� ey31

� �� � ð9Þ



Fig. 1. A mock pressure vessel was fabricated using aluminum to verify the idea of
MR imaging within metal cells. Imaging was undertaken with an RF coil which was
within the aluminum cell.

Fig. 2. Measured rectangular gradient pulse and the concomitant B0 eddy currents
inside the aluminum cell (Fig. 1) using the magnetic field gradient waveform
monitor (MFGM) method. Input rectangular gradient pulse shape (� � �), mea-
sured gradient shape (—), and measured B0(t) field (� � �). The gradient rise time
from 10% to 90% was as long as 10 ms due to the high electrical conductivity and
thickness of the cell walls. Note in the inset figure the positive lobe of the induced
B0 eddy currents is lower than the negative lobe due to an eddy current cancellation
effect.
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In Eqs. (8) and (9), the sample location x1, y1 need not be known
exactly because one plots the gradient waveform by scaling the mea-
sured phases to the phase of a known time-invariant gradient [16].

2.2. Non-Cartesian sampled centric scan SPRITE

Centric scan SPRITE [8,17–19,21–23] is a robust quantitative
imaging methodology ideally suited for studying short lifetime
species (e.g., fluids in porous media). For simplicity in image recon-
struction, all SPRITE techniques sample k-space on Cartesian grids
by applying specifically designed gradient waveforms in a stepwise
manner. In the presence of severe eddy currents (e.g., due to metal-
Fig. 3. MFGM monitored gradient waveforms for a single-shot Spiral SPRITE experimen
portion of (a). (c) Measured and ideal Gy(t). (d) The expansion of (c) at a chosen time inter
measurements show that the real waveforms were smoothed due to metal eddy current
pass filter in the frequency domain.
lic vessels) SPRITE k-space samples may deviate from the Cartesian
grid due to gradient waveform distortions. Centric scan 1D DHK
SPRITE and 2D Spiral SPRITE are the most widely used SPRITE mea-
surements for 1D and 2D acquisitions respectively. Experimental
results of these two types of experiment will be shown in this
work.

The signal equation of a continuous object q(r) for centric scan
SPRITE is described as:

SðkÞ ¼
Z

qðrÞe
� tp

T�
2
ðrÞe�i2pk�rdr ð10Þ
t compared with ideal waveforms. (a) Measured and ideal Gz(t). (b) An expanded
val during the Spiral waveform. The ideal Spiral waveforms were discrete steps. The
effects. High mutual inductance in the presence of the metal cell behaved as a low



Fig. 4. The real k-space trajectory calculated based on Fig. 3 compared with the
ideal trajectory. (a) Measured and desired k-space trajectories and associated k-
space samples. The desired k-space samples (d) were restricted to Cartesian grids.
Systematic differences between the two trajectories are apparent. (b) An expanded
portion of (a) around the k-space center (ideal trajectory not shown). The measured
k-space samples (j) deviate from Cartesian grid.
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where T�2 (r) is the apparent spin–spin relaxation time, and tp the
phase encoding time for spatially encoding spin magnetization fol-
lowing each broadband RF excitation. Variables k and r are the k-
space and spatial vectors respectively.

In the presence of severe eddy currents or other magnetic field
imperfections (e.g., the gradient delay, coupling between various
gradient coils), image reconstruction can be performed based on
the MFGM measured DB0(t) field evolution and the gradient wave-
forms through conjugate phase reconstruction [27]:

qðrÞ ¼
Z

SðkÞwðkÞei2pk�reicDB0ðtÞtp dk ð11Þ

with w(k) the k-space density compensation function and DB0(t)
the spatially-constant dynamic field. w(k) is required to compen-
sate for nonequidistant k-space samples. The density compensation
is usually estimated from differences between adjacent k-space
sample locations [25]. In 2D imaging Eq. (11) is extended as:

qðx; yÞ ¼
Z Z

Sðkx; kyÞwðkx; kyÞeictpðGxðtÞ�xþGyðtÞ�yÞeicDB0ðtÞtp dxdy ð12Þ

B0(t) eddy currents cause phase modulation of k-space data,
which can be compensated by the phase demodulation of each k-
space data point, as described by Eq. (12). In order to correct k-
space misregistration, convolution gridding image reconstruction
can be applied [28,29]. Alternatively, straightforward interpolation
is possible [30,31]. In this work, interpolation followed by FFT was
found to give high quality image reconstruction.

3. Results and discussion

3.1. Eddy currents in the metallic cell

Fig. 1 shows an aluminum vessel with a length of 15.2 cm, outer
diameter of 7.6 cm, and a wall thickness of 1.3 cm. It fits smoothly
into a standard micro imaging gradient bore (I.D � 7.6 cm) and was
centered along the B0/Gz axis (error ± 1 mm) in a 2.4 T supercon-
ducting magnet.

The waveform measurement, Fig. 2, shows severe eddy current
effects. A rectangular shape gradient pulse, with a duration of
50 ms and a nominal strength of 100 mT/m, was employed as a test
waveform. The MFGM probehead was positioned at z � ±1.5 cm in-
side the sample space, to discriminate the linear eddy current ef-
fects from B0 eddy current effects. The gradient rise time from
10% to 90% was as long as 10 ms due to the high electrical conduc-
tivity, and thickness, of the aluminum vessel walls. The natural rise
time of the z gradient is less than 100 ls.

The measured B0 eddy currents (<20 lT) were very small com-
pared with linear eddy currents. They were less than 2% at a distance
of 1 cm from the gradient isocenter. This results from the fact that
the cell was symmetric and centered with respect to the gradient
isocenter.

3.2. Spiral SPRITE imaging within metallic cells

3.2.1. Spiral SPRITE waveform monitoring using MFGM
Fig. 3 shows the gradient waveforms Gz(t), Gy(t) for a single-shot

(one interleave) Spiral SPRITE acquisition. As illustrated, a com-
monly used single-shot 64 � 64 Spiral SPRITE acquisition acquires
2564 k-space data points in one interleaf. These points are sampled
with a gradient step duration, TR, of 2 ms. The total duration of the
gradient waveforms are thus as long as 5 s. Conventional methods
[12–15] were unable to measure such long duration gradient
waveforms due to sample T�2 decay.

Unlike conventional methods [12–15], the MFGM method
phase encodes the gradient amplitude by applying a train of closely
spaced broadband RF excitations, in a way similar to the SPRITE
acquisition. As a consequence the FID single-point signal MFGM
acquires is neither dephased by extended gradient waveforms,
nor by high gradient strengths [16]. Based on Eqs. (7)–(9), MFGM
was employed to monitor Spiral SPRITE gradient waveforms and
the associated B0(t) field evolution in a sample space within the
aluminum cell.

In this study the inside diameter of the aluminum cell is only 5.1
cm. The MFGM probehead was translated inside the aluminum cell
and positioned at three locations with approximate (x, y, z) coordi-
nates of (�0.8 cm, �1.0 cm, 1.6 cm), (1.0 cm, 1.0 cm, �1.5 cm), and
(�0.8 cm, 1.2 cm, 1.6 cm), respectively. The small size of the MFGM
RF probe monitor (<1 cm with RF shield) is advantageous in cases
where the sample space of an MRI RF coil is restricted.

Since x, y gradient coils and the metal cell are both axially sym-
metric, the eddy current circulation patterns induced by Gx(t) and
Gy(t) should be identical but different from that induced by Gz(t). In
order to study two different eddy current patterns, Spiral wave-
forms Gz, Gy were interrogated. Fig. 3 compares the differences be-
tween the monitored waveforms Gz(t), Gy(t) and the input
waveforms. The metal induced eddy currents yield well-smoothed
Spiral waveforms compared to the desired stepwise waveform.
3.2.2. Non-Cartesian sampled Spiral SPRITE imaging
As shown in Fig. 4, the monitored k-space trajectories for Spiral

SPRITE were readily calculated from
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kðtÞ ¼ c
2p

Z tp

0
GðsÞds ¼ c

2p
GðtÞtp ð13Þ

where G(t) = [Gy(t), Gz(t)] is the average gradient amplitudes during
the short phase encoding time tp. It is clearly observed from the
magnified Fig. 4b that in the presence of severe eddy currents, Spiral
SPRITE k-space sampling is no longer Cartesian. Note the major er-
rors in the data near the k-space origin. The discrepancies between
desired and real k-space coordinates result in severe geometric dis-
tortion of the image without appropriate correction.

A cross-linked cis-polybutadiene resolution phantom Fig. 5a
was employed to verify the possibility of correcting the major gra-
dient waveform errors observed. The MR lifetimes of the material
are T1 = 180 ms, T2 = 640 ls, and T�2 = 290 ls.

The 2D Spiral SPRITE image in the presence of the metal cell is
shown in Fig. 5b. As expected, the k-space misregistration caused
by eddy currents led to severe image geometric distortion, image
blurring, and errors in the quantification of the material. Note that
the further from the center of the FOV, the greater the image dis-
tortion since eddy current effects increase with distance from the
gradient origin. The k-space misregistration can be corrected by
gridding the data points prior to image reconstruction according
to Eq. (12). A cubic polynomial interpolation algorithm was applied
to estimate the data on Cartesian grids based on the acquired data
and the measured k-space locations.

The image after proper k-space registration is shown in Fig. 5c.
The corrupted image due to linear eddy currents was successfully
recovered. The quality of geometric features and quantification
intensities after image correction are good. Residual image blurring
Fig. 5. Spiral SPRITE imaging of a resolution phantom inside an aluminum vessel. (a) Pho
25 mm and the thickness is 9 mm. The holes from large to small are 5 mm (center), 4 mm
4 mm, 3 mm, 2 mm, and 1 mm, respectively. (b) 2D Spiral SPRITE image with the met
blurring, and the errors in the quantification of the material were observed. (c) The im
successfully recovered. (d) The final reconstructed image using both monitored gradient
deblurring at the places marked by arrows, were observed.
(e.g. the 1 mm holes) was typical for Spiral SPRITE experiments,
and is primarily the result of discrete sampling (64 � 64) effects.
3.2.3. B0 eddy current correction
The B0 eddy currents, i.e., B0(t) field evolution, during Spiral

scanning were also measured according to Eq. (7), as shown in
Fig. 6. The oscillatory pattern of the monitored B0(t) field has the
same periodicity as the Spiral gradient waveforms.

The induced B0 eddy currents were found to be very small com-
pared to linear eddy currents in the sample space. At the beginning
of the Spiral scan (corresponding to the k-space center), B0 eddy
currents were found to be less than 5 lT, Fig. 6b. The B0(t) eddy
currents cause static field B0 temporal variation during SPRITE
scanning, which modulates the SPRITE single-point signal with
an additional phase during the phase encoding time tp. The B0

phase shifts for Spiral SPRITE k-space data were calculated through
Eq. (14), and are shown in Fig. 6c.

hðknÞ ¼
Z tp

0
cDB0ðt0Þdt0 ¼ cDB0ðt0nÞtp ð14Þ

where DB0(t0n) denotes the average B0 field offset during the short
encoding time tp at the nth k-space sampling.

Demodulation of erroneous phases can thus be readily imple-
mented on a point-by-point basis in k-space, as described by Eq.
(12). The final reconstructed phantom image using both monitored
gradient waveforms and B0(t) field shifts is shown in Fig. 5d. After
B0(t) phase correction, only slight improvements in the image, e.g.,
to of the cross-linked cis-polybutadiene resolution phantom. The outer diameter is
, 3 mm, 2 mm, and 1 mm in diameter, respectively. The widths of the four slots are

al cell present, without any correction. Severe image geometric distortion, image
age reconstructed using monitored gradient waveforms. A high quality image was
waveforms and B0(t) field. Very slight improvements in the image quality, e.g., the



Fig. 6. Monitored B0(t) field evolution during Spiral SPRITE scanning. (a) The entire
B0(t) field evolution. (b) An expansion of (a) at the beginning of the Spiral scan. (c)
Calculated B0 phase shifts for each Spiral k-space sample.
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the deblurring at the places marked by arrows, were observed
since the B0(t) eddy currents were not significant in this case.
3.3. 1D DHK SPRITE imaging with metallic cells

According to Eq. (1), in order to monitor 1D DHK SPRITE gradi-
ent waveform Gz the MFGM monitor was translated inside the alu-
minum cell and positioned at approximate z offsets of ±1.5 cm
from the gradient isocenter, respectively. The measured waveform
Gz(t) was used to calculate the true k-space coordinates according
to Eq. (13). The B0 phase shifts for each k-space sample due to B0

eddy currents were calculated from the monitored B0(t) field, as
described by Eq. (14). DHK SPRITE imaging of a uniform gel phan-
tom was undertaken with and without the metal cell.

In the absence of the metal cell, a homemade one-turn RF sad-
dle coil was centered and supported by a plastic tube inside the
gradient bore. The profile image of a gel phantom is reproduced
in Fig. 7a. The curved profile is a reflection of the B1 inhomogeneity
of the saddle RF probe. In the presence of the metal cell, the plastic
tube was not employed and the DHK image is shown in Fig. 7b. The
image is severely distorted due to eddy current effects. Similar to
the image reconstruction for Spiral SPRITE, straightforward inter-
polation was applied to grid the k-space data. The B0(t) phase shifts
were corrected on a point-by-point basis in k-space. The eddy cur-
rent compensated images are shown in Fig. 7c and d. Note the
slight differences appearing at the right and left extremes due to
small B0 effects. 1D DHK SPRITE image correction yields high qual-
ity images, as was the case with 2D Spiral SPRITE image correction.
Linear eddy current and the B0 eddy current effects are eliminated.

3.4. Nature of the metal

It should be noted that the imaging experiments were imple-
mented with an end plate electrically connected to the cell (the
far end of Fig. 1, thickness 1.27 cm). The end plate did not alter
the large scale eddy current behavior in the sample space. This
eddy current behavior is current circulating on the metal cylinder.
It was concluded that the end plate effects are not a problem for
MRI in the presence of metal vessels. For a vessel with a length
of 15.2 cm and the geometry of Fig. 1, the spatial extent of linear
gradient fields was more than 5 cm, which is longer than the
homogeneous B1 range (5 cm) of the RF coil.

The metal cylinder was positioned symmetrically with respect
to all three physical gradient axes therefore the eddy current com-
ponents induced by all three orthogonal gradients are mainly lin-
ear eddy currents. The accuracy in centering the vessel along B0/
Gz is not a strict requirement (�1 mm). Higher-order non-linear
eddy currents as described in Eq. (1) were negligible as manifest
in pure phase encode SPRITE imaging. Although in principle the
measurements and correction of high-order eddy currents are pos-
sible with MFGM, the added complexity arising from characteriz-
ing and compensating non-linear gradient fields would hinder
what is otherwise a simple and straightforward procedure.

The material of the cell in this work was chosen to be aluminum
due to its easy machining. Aluminum has a high electrical conduc-
tivity of 37.8 � 106 S m�1 [32]. Other applicable metal alloys in-
clude non-magnetic stainless steel and titanium. Both titanium
and steel have electrical conductivities an order of magnitude less
than aluminum. The metal induced eddy currents are proportional
to the electrical conductivity of the metal as described by Eq. (15)
[33].

s ¼ KrlC ð15Þ

where s is the eddy current time constant, r and l are the conduc-
tivity and permeability of the conductor respectively, C represents
a specific geometry, and K is a constant value. The metals of interest
have similar permeability. Therefore the eddy currents induced by
steel and titanium will be less than for aluminum and should be
readily corrected with the proposed strategy.

As suggested by an anonymous reviewer it would be possible to
employ a long repetition time SPI experiment to image samples in
vessels such as those described in this paper. In such an experi-
ment it would not be necessary to wait for gradients to fully stabi-
lize [39], but the acquisition time would be lengthy and the
gradient duty cycle problematic.
4. Conclusion

Magnetic field gradient waveform monitoring (MFGM) with
B0(t) field measurement has been proposed for MRI inside metallic
vessels. The essential problem, eddy currents circulating in the me-
tal, was overcome in this work which employed a simple alumi-



Fig. 7. 1D DHK SPRITE imaging (z direction) of a uniform gel phantom within the aluminum cell. (a) Template image acquired without the metal cell. The curved profile is a
reflection of the B1 inhomogeneity of our homebuilt saddle RF coil. (b) Corrupted image acquired with the metal cell present. (c) The reconstructed DHK SPRITE image with
correction of linear eddy current effects. (d) The reconstructed DHK SPRITE image with correction of linear eddy current and B0 eddy current effects. Note the slight
differences at the right and left extremes in (c) and (d) due to B0(t) effects.
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num cell. Quantitative centric scan SPRITE imaging including 1D
DHK and 2D Spiral acquisitions were undertaken in the presence
of the aluminum cell.

Gradient switching induced eddy currents in the aluminum ves-
sel were measured and analyzed with the improved MFGM meth-
od. The Spiral SPRITE gradient waveforms were temporally
mapped inside the metal cell using a small MFGM probe monitor.
Simultaneous B0(t) field evolution during Spiral SPRITE scanning
was also measured and B0(t) eddy currents were found to be very
small with the cell centered inside the gradient coil.

An interpolation gridding image reconstruction was used to
correct the misregistered k-space data caused by linear eddy cur-
rents. B0(t) phase shifts resulting from B0 eddy currents were cor-
rected on a point-by-point basis in k-space. Gridding image
reconstruction using monitored gradient waveforms provides
images of high quality. The image was slightly improved with B0

eddy current correction using the monitored B0(t) field. Higher-or-
der eddy currents were negligible as manifest in pure phase encode
SPRITE imaging. We believe this work will lead to MRI compatible
metallic pressure vessels in the near future. This ability will open
entirely new vistas of study for material science MR and MRI.

It should be pointed out that the features of MFGM, e.g., the
small size of the monitor probe, are desirable for pre-clinical small
animal imaging and magnetic resonance spectroscopy (MRS)
[34,35]. This study is also beneficial to evaluation and reduction
of RF probe related eddy currents [36]. The MFGM method may
also be used to study gradient induced eddy current effects for near
implant imaging [37,38].

5. Experimental

All gradient waveform mapping and imaging experiments were
implemented on a Nalorac (Martinez, CA) 2.4 T, 32 cm i.d horizon-
tal bore superconducting magnet. The cylindrical aluminum cell
(Fig. 1) was tightly fit in a commercial water-cooled 7.6 cm i.d. gra-
dient set, driven by a Techron (Elkhart, IN) 8710 amplifier, provid-
ing a maximum gradient strength of 250 mT/m. The imaging RF
coil inside the cell was a homebuilt eight-rung single mode bird-
cage, which had an inside diameter of 3 cm and a homogeneous
B1 field range of 5 cm. The imaging RF probe is located inside the
metal vessel and is therefore altered in tuning by the presence of
the vessel, but otherwise functions as an ordinary RF probe. This
is readily understood if one considers the metal vessel to be an
RF shield for the probe. It is a more substantial shield than normal,
but still an RF shield. The probe was driven by a 2 kW AMT (Brea,
CA) 3445 RF amplifier. The MRI hardware system was controlled by
a Tecmag (Houston, TX) Apollo console.

The magnetic field gradient waveform monitor probe was de-
scribed in [16]. The single turn solenoid had a 90� pulse length of
5 ls and a deadtime of 10 ls. The MFGM probehead was connected
to a rigid coaxial cable as a support. The water drop test sample
within the MFGM probe had relaxation times T�2, T2, and T1 of less
than 100 ls due to doping with a high concentration of GdCl3.

For the Spiral SPRITE waveform measurements, the MFGM pro-
behead was positioned at three different locations within the cell.
In the waveform mapping sequence [16], the chosen time interval
between consecutive RF pulses was 320 ls. The RF pulse duration
was 2 ls for a flip angle of 36�. The experimental waveform temporal
resolution was 64 ls/point. The phase encoding time was 40 ls with
64 averages collected for a scan time of 27 min at each MFGM probe
location. Two separate calibration measurements (for yi/yj and zi/zj)
were executed at each probe location, with each lasting 30 s. Since T1

of the test sample is on the order of 100 ls, the calibration scan was
very rapid. The total calibration time for all three MFGM locations
was 3 min. The complete waveform measurement time was almost
90 min since the Spiral SPRITE waveform duration is 5 s.
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All Spiral SPRITE images acquired were 64 � 64 with a field of
view (FOV) of 5 cm � 4.5 cm in the Gz and Gy directions, respec-
tively. The encoding time and the flip angle were 150 ls and 3�,
respectively. The experiment time for 2D Spiral SPRITE was
approximately 2 min. A 2D cubic polynomial interpolation algo-
rithm was written in MATLAB 7.0 (the MathWorks, Natick, Massa-
chusetts, USA) for gridding k-space data. MATLAB 7.0 was also used
in reconstructing Spiral SPRITE images and related data processing.

The 1D DHK SPRITE images had a FOV of 10 cm in the Gz direc-
tion. The encoding time and the flip angle were 90 ls and 18�,
respectively. The experiment time for DHK SPRITE was approxi-
mately 25 s for 64 averages. The uniform gel phantom, doped with
GdCl3, had T�2, T2, and T1 s of approximately 300 ls. A 1D quadratic
polynomial interpolation gridding algorithm was written in IDL
(Research Systems, Boulder, CO). IDL was also used for data pro-
cessing related to gradient waveform mapping.
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